Selective enrichment culture techniques were employed to obtain mixed cultures of methanogenic rods and sarcina from surface flooding waters and deep subsurface (-1650 m) oil-bearing sedimentary rocks and formation waters sampled from an old oil field in the U.S.S.R. previously reported to display active biological methanogenesis. The methanogens were selectively isolated as colonies on agar petri dishes that were incubated in a novel container. The general cellular and growth features of three Methanobacterium isolates were determined. These strains grew optimally at 37 to 45°C in anaerobic pressure tube cultures with a doubling time of 16 to 18 h on H2-CO2 and proliferated as autotrophs. Acetate addition significantly enhanced the final cell yield. Growth of these strains was completely inhibited by either 0.6 g of sodium sulfide per liter or 31.0 of sodium chloride per liter, but growth was not inhibited by either 0.3 g of sodium sulfide per liter or 1.0 g of sodium sulfate per liter. One novel isolate, Methanobacterium sp. strain ivanov, was grown on H2-CO2, and the stable-carbon isotopic fractionations that occurred during synthesis of methane, cell carbon, and lipids were determined. The results of this study were used to examine the anomalous relationship between the isotopic and chemical compositions of natural gas occurring in the deep subsurface environment of the oil field.
Selective enrichment culture techniques were employed to obtain mixed cultures of methanogenic rods and sarcina from surface flooding waters and deep subsurface (-1650 m) oil-bearing sedimentary rocks and formation waters sampled from an old oil field in the U.S.S.R. previously reported to display active biological methanogenesis. The methanogens were selectively isolated as colonies on agar petri dishes that were incubated in a novel container. The general cellular and growth features of three Methanobacterium isolates were determined. These strains grew optimally at 37 to 45°C in anaerobic pressure tube cultures with a doubling time of 16 to 18 h on H2-CO2 and proliferated as autotrophs. Acetate addition significantly enhanced the final cell yield. Growth of these strains was completely inhibited by either 0.6 g of sodium sulfide per liter or 31 .0 of sodium chloride per liter, but growth was not inhibited by either 0.3 g of sodium sulfide per liter or 1.0 g of sodium sulfate per liter. One novel isolate, Methanobacterium sp. strain ivanov, was grown on H2-CO2, and the stable-carbon isotopic fractionations that occurred during synthesis of methane, cell carbon, and lipids were determined. The results of this study were used to examine the anomalous relationship between the isotopic and chemical compositions of natural gas occurring in the deep subsurface environment of the oil field.
Bacterial methanogenesis appears as a ubiquitous process in anaerobic ecosystems in which organic matter is being vigorously decomposed in the absence of excess exogenous electron acceptors (e.g., 02, N032-, S042-). Methanogenic bacteria have been isolated from a variety of environments that include freshwater and marine surface sediments, gastrointestinal tracts of animals, thermal springs, sewage sludge and other anaerobic digestors, and wetwoods of living trees (29) . Radioactive tracer and enrichment culture studies have demonstrated microbial methanogenesis associated with deep subsurface natural gas deposits in oil-bearing strata and formation waters (3, 4, 22 unpolluted aquifer (18) , and Methanobacterium thermoautotrophicum was isolated from deep waters of a thermal spring (31) .
The purpose of this study was to isolate and characterize methanogenic bacteria from an old oil field in the Middle Volga region of the U.S.S.R., where previous studies established that microbial methanogenesis was actively occurring in the deep subsurface environment (S. S. Belyaev (2, 6, 13) . Isolation and growth. A filter-sterilized penicillin G solution (6 g/100 ml of distilled water) and a streptomycin solution (6 g/100 ml of distilled water) were also spread (0.1 ml of each) on the surface of the agar medium to enhance the isolation of pure cultures. After inoculation of the isolation medium inside the anaerobic glove bag, the petri plate cultures were transferred to a pressure steel paint pot (W. R. Brown Corp., Chicago, Ill.) modified for the anaerobic culture of up to 52 plates. The paint pot was then removed from the anaerobic chamber, pressurized to approximately 30 lb/in2 with H2-CO2 (80: 20) , and placed inside a 30°C incubator. Growth of methanogens inside the paint pot was monitored by quantification of methane. Methane was measured with a Varian aerograph model 600-D gas chromatograph as described previously (21) .
Crimp top sealed pressure tubes (Bellco Glass, Inc., Vineland, N.J.) that contained 2 to 3 atm (200 to 300 kPa) of H2-CO2 were used to grow methanogens in liquid medium. Growth was determined in these anaerobic culture tubes by measuring optical density at 660 nm. Absorbance was quantified directly by insertion of the anaerobic culture tube into a Spectronic 20 (Bausch & Lomb, Inc., Rochester, N.Y.). Cellular characterization. Bacteria were disrupted by passage through a French pressure cell at 400 lb/in2. DNA was isolated and purified from the cell homogenate by the method of Marmur (19) . DNA base compositions were calculated by the method of De Ley (10) from thermal denaturation in 0.015 M NaCl and 0.0015 M trisodium citrate as determined in a Gilford model 250 spectrophotometer equipped with a model 2527 thermoprogrammer. Escherichia coli DNA VIII, lot D-2001 from Sigma Chemical Co., served as a standard. Data reported represent the mean of three separate determinations. A Carl Zeiss photomicroscope was used as previously described (31) for phasecontrast observations, including determination of cell size and the epifluorescence of methanogen deazoflavin under UV light (20) .
'2C/'3C fractionation analysis. Methanobacterium sp. strain ivanov was grown on maintenance medium in a 12-liter Virtis fermentor gassed at 1.0 to 1.5 liter/min with an 80:20 mixture of H2-CO2. Reducing conditions were maintained at these high gassing rates by adding 1.5 g of sodium sulfide daily. Gas flowing into and out of the fermentor was sampled when the cultures were inoculated, approximately midway through the culture period, and when the cells were harvested. Carbon dioxide and methane were isolated from the gas samples, and the methane was combusted to CO2 as described previously (11 
RESULTS
Enrichment, isolation and maintenance. Approximately 1 ml of sample water or 1 g of sample rock were added into N2-gassed anaerobic culture tubes that contained 10 ml of enrichment medium. Oil-bearing sandstone samples were taken from the centers of the drilling cores. After inoculation, the culture tubes were gassed with H2-CO2 and sealed with a rubber bung. Enrichment cultures were incubated at 30 to 37°C and were periodically gassed with H2-CO2 and were transferred upon the detection of >10% methane in the headspace. Microscopic observation of methanogenic enrichment cultures inoculated with injection water, groundwater, or oil-bearing sandstone revealed a heterogeneous population of microorganisms that included irregular spherical shapes, spores, and a variety of rod types. A methanogenic enrichment culture from an oil-bearing sandstone inoculum contained both Methanobacterium spp. and Methanosarcina spp. as indicated by the presence of long filamentous rods and irregular spherical packets that fluoresced yellow-green under UV light in the microscope. Three distinct methanogenic strains were isolated from the Bondyuzhskoe oil field. Strain ivanov was isolated from oil-bearing sandstone. Strains kuznetsov and omeliansky were isolated from groundwater, and strain omeliansky was isolated from an injection water enrichment. Successful isolation of these strains was obtained by serial dilutions of enrichment cultures onto maintenance medium followed by plating of end dilutions on isolation medium. After 16 days of incubation on H2-CO2 at 37°C, the maximum colony diameter was 3 to 6 mm for strain ivanov, 2 to 3 mm for strain omeliansky, and l1 mm for strain kuznetsov. All colonies observed were smooth, uniformly round, mucoid, and greyish white.
Cellular features. All three strains appeared as irregular curved rods and existed singly, in chains, or as long filaments (Fig. 1) . The average size of these organisms was 0.5 to 0.8 ,um in width; length varied from 1.2 ,um (strain ivanov) to 11 to 18 jim (strain kuznetsov). No spores were observed, and these cultures did not exhibit motility in wet mounts. Strain kuznetsov stained gram negative, whereas both strains ivanov and omeliansky stained gram positive.
All three strains fluoresced yellow-green when exposed to UV light, thus indicating the presence of the deazoflavin (13, 27) . DNA isolated from strains omeliansky, ivanov, and kuznetsov had base compositions of 37.3, 36.6, and 48.8 (± 1) mol% guanine plus cytosine, respectively.
Growth and nutritional properties. The relationship between the growth rate of these methanogenic bacteria and temperature is shown in Fig. 2 (1, 7) . However, it is not possible at this time to assign the strains characterized here to these species or to new ones because more detailed comparative taxonomic studies, including DNA-DNA hybridization, DNA-RNA hybridization, and two-dimensional analysis of total cellular proteins, are required to establish species identity with absolute certainty. Notably, several properties of Methanobacterium sp. strain ivanov appear to differ from those reported for M. bryantii strain MOH (1, 8, 9, 13, 33) , including DNA guanine plus cytosine content, lack of growth stimulation by yeast extract, formation of large colonies on agar plates, and The isotopic fractionations observed between source CO2 and CH4 formed by Methanobacterium sp. strain ivanov at 37°C were similar to those reported for M. bryantii by Games et al. (17) . The 813C values for methane and cell carbon formed by Methanobacterium sp. strain ivanov during growth on H2-CO2 were significantly different, an observation which Fuchs et al. (15) reported for M. thermoautotrophicum. The results of isotopic discrimination studies cannot be used to support or disprove the hypothesis that initial one-carbon transformation reactions in methanogen metabolism share common intermediates (24, 30) , as Fuchs et al. (15) have proposed, because methane formation involves only one-carbon conversions (27, 30) , whereas significant amounts of methanogen cell carbon are derived from other reactions (e.g., carboxylations of acetyl coenzyme A, phosphoenolpyruvate, succinyl coenzyme A) during which carbon isotopic fractionation might occur.
Methanobacterium sp. strain ivanov grown at 46°C differs from all other organisms studied to date, including M. thermoautotrophicum and Methanosarcina barkerii (Kenealy, DeNiro, Epstein, and Zeikus, unpublished observations), in that its lipid fraction is enriched in 13C relative to the total cell carbon. DeNiro and Epstein (11) proposed that the 13C depletion of the lipid fraction relative to cell carbon observed in nonmethanogens results from kinetic isotope effects which occur during the synthesis of acetyl coenzyme A from pyruvate by the pyruvate dehydrogenase complex, with the 13C-depleted acetyl groups synthesized during this reaction then being polymerized to form the fatty acids that comprise the bulk of the lipid fraction. The observation of a reversed isotopic relationship between the cells and lipids of strain ivanov grown at 46°C is thus consistent with suggestions that the pyruvate dehydrogenase reaction does not contribute significantly to the formation of acetyl coenzyme A in methanogens (14, 24, 30 45, 1983 in Bondyuzhskoe field waters with salinities less than 3%, the limit of which our isolates did not grow. It is possible that methanogens fractionate carbon isotopes during CH4 synthesis to a greater extent in the field than we observed in the laboratory. However, it is likely that methane generation from some other carbon source, namely acetate, also accounts for the low 813C values of methane in the Bondyuzhskoe field. Studies with [14C]acetate indicate that methane generation from acetate is significant (up to 69% of the methane) in parts of the subsurface environment of this oil field (Belyaev and Ivanov, in press). There is no reason to believe that methane formation was due to the utilization of petroleum hydrocarbons because methanogens are limited to the metabolism of H2-C02, acetate, and one-carbon substrates (e.g., CH30H) as energy sources (29) .
Finally, as noted above, all the oil field methanogens, including Methanobacterium sp. strain ivanov, failed to grow at 3.0% NaCl. Thus, other strains must account for any methanogenic activity at the high salinity values that exist in parts of the oil field. In this regard we have isolated Methanobacterium strains from formation water injection filters on offshore oil platforms in the Gulf of Mexico that grow in 10% NaCl (Zeikus and co-workers, unpublished findings). The absence of growth inhibition for these isolates by high sulfate and moderate (i.e., 0.3 g/liter) sulfide concentrations supports the hypothesis that methanogenic bacteria are not inhibited by these sulfur species in freshwater or marine environments (25, 26) . Their temperature and pH ranges for growth and their salinity, Sand S042-tolerances suggest that these Methanobacterium strains and also other methanogens (e.g., acetate-degrading Methanosarcina strains) are active in the parts of the Bondyuzhskoe field with groundwater salinities less than 3% where methane of anomalously low 813C value is found associated with high C2' concentrations.
